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OBJECTIVES We sought to study the relationship between left ventricular (LV) size and body composition
in male endurance athletes and age-matched control subjects.
BACKGROUND Endurance training is associated with increases in both left ventricular mass (LVM) and left
ventricular end-diastolic dimension (LVEDD) in athletes. In other populations, LVM is
independently predicted by fat-free mass (FFM). We hypothesized that the increase in LV
size and mass observed with training may be a normal response to increased FFM.
METHODS Twelve young and 18 older male endurance athletes and 10 young and 18 older untrained
men underwent exercise testing, echocardiography, and dual-photon x-ray absorptiometry
body composition analysis. Univariate correlates (Spearman) and multivariate determinants of
LVM and LVEDD were sought from: height, height1.4, height2.7, height3.0, body surface
area (BSA), FFM, weight, and body mass index. Un-indexed and indexed LVM and
LVEDD were then compared.
RESULTS Athletes were of a similar age, weight, and height, but had higher FFM and maximum oxygen
uptake than untrained men. Both LVM and LVEDD were correlated with body size,
including FFM, BSA, weight, and height (all p  0.05). On multivariate analysis, FFM was
the only independent predictor of both LVM (R2  0.36, p  0.001) and LVEDD (R2 
0.35, p  0.001). Furthermore, LVM and LVEDD (un-indexed and indexed to BSA and
height) were different between athletes and non-athletes, but not when indexed to height2.7
or FFM.
CONCLUSIONS Both LVM and LVEDD are predicted by FFM in endurance athletes, and when indexed to
FFM, no training-related differences were observed. Thus, the extent of LV remodeling
(athletic heart) in trained individuals may reflect a normal physiologic response to increased
FFM induced by training. (J Am Coll Cardiol 2004;44:892–6) © 2004 by the American
College of Cardiology Foundationp
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tor many years, the “athletic heart,” characterized by
ypertrophy and dilation of the left ventricle (LV), has
een discussed and evaluated. Generally, endurance-type
ports are associated with LV dilation, whereas resistance
xercise is associated with left ventricular hypertrophy
LVH) (1). Two meta-analyses were unable to conclu-
ively demonstrate differences in cardiac adaptation be-
ween resistance and endurance training (2,3). It is
ossible that these cardiac adaptations represent a normal
hysiologic variation of cardiac growth.
Both LV size and left ventricular mass (LVM) are related
o body size (4–7) and are often divided by body surface area
BSA) to determine normal ranges and to detect the
resence of pathologic LVH (8,9). However, this overesti-
ates LVH in lean subjects, while underestimating LVH in
bese individuals. Height and height raised to various
From the *Departments of Medicine and †Sport and Exercise Science, University
f Auckland, Auckland, New Zealand. Ms. Whalley is supported by a National Heart
oundation of New Zealand post-graduate scholarship.
Manuscript received December 18, 2003; revised manuscript received April 21,a004, accepted April 27, 2004.owers are now widely recommended in place of BSA
10,11) because they do not underestimate the degree of
VH in obesity. However, recent studies have demon-
trated that in non-athletic populations, LVM has a closer
elationship with fat-free mass (FFM) than BSA and that it
s not related to fat mass (5,7). Further, as BSA is affected
y fat mass, it may be an inappropriate indexing variable,
specially in populations where changes in body composi-
ion occur. Although ideal, FFM is rarely used because
ccurate measurements are not widely available.
If FFM is the main determinant of LVM in athletes, as
t is in non-athletes, then the increase in FFM associated
ith training may lead to increased LV size. Furthermore,
y indexing LV measurements to other body measures that
o not adequately reflect changes in FFM, the degree of
VH may be exaggerated in athletes.
This study investigated the relationship between LV size
nd body composition in male endurance athletes and
ge-matched untrained control subjects, in order to confirm
he hypothesis that LV size is closely related to FFM in
thletes.
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fter preliminary screening, 18 untrained and 18 endurance-
rained older men (age 60 to 80 years) and 10 untrained and
2 endurance-trained younger men (20 to 30 years) were
nrolled. We excluded smokers and subjects with musculo-
keletal, metabolic or cardiovascular disease, hypertension
seated blood pressure [BP] 160/90 mm Hg), recent
llness, or those taking any prescription medication (12). A
otal of 17 people (26%) had a systolic BP between 140 and
60 mm Hg: 15 control subjects (2 young, 13 older) and two
thletes (1 young, 1 older).
Control subjects had not participated in regular endur-
nce training in the previous two years. Athletes competed
egionally, nationally, or internationally in endurance sports
nd had trained regularly for at least two years. The
niversity of Auckland Human Subjects Ethics Committee
pproved the study protocol, and all subjects provided
nformed, written consent.
All subjects completed a medical history questionnaire
nd reviewed their medical history with a study investigator.
lder subjects received a physical examination, 12-lead
lectrocardiogram, and Bruce protocol exercise test to rule
ut coronary artery disease. Maximal oxygen uptake
VO2max) was determined by incremental treadmill testing.
Body composition was measured by dual-photon X-ray
bsorptiometry (DEXA) (Lunar DPX-IQ, Madison, Wis-
onsin). Extended analysis of total body images using the
anufacturer’s standard software packages was done to
stimate total mass, FFM (bone mineral content plus nonfat
oft tissue), and fat mass (total mass  FFM).
Echocardiograms were obtained using a standardized pro-
ocol by a trained research sonographer (ATL HDI 5000,
othell, Washington) and digitally acquired and analyzed
ff-line (NovaMicrosonics, Allendale, New Jersey). Parasternal
ong-axis M-mode recordings (100 mm/s) were made with the
ursor at the mitral valve leaflet tips, perpendicular to the
hamber cavity. Leading-edge LV measurements were made
nd LVM was calculated (American Society of Echocardiog-
aphy formula [13]) in triplicate. The coefficient of variation for
est-retest measurement of LVM in our laboratory is 14.8%
nd that for intra-observer measurement is 7.8%. All data were
ollected and analyzed by technicians who were unaware of the
Abbreviations and Acronyms
BMI  body mass index
BP  blood pressure
BSA  body surface area
DEXA  dual-photon X-ray absorptiometry
FFM  fat-free mass
LV  left ventricle
LVEDD  left ventricular end-diastolic dimension
LVH  left ventricular hypertrophy
LVM  left ventricular mass
VO2max  maximum oxygen uptakeubjects’ training status. aUnivariate correlation (Spearman) was examined between
VM and body size measurements, and stepwise logistic
egression was used to determine the independent predic-
ors of LVM; the LVM model included BSA, body mass
ndex (BMI), height, weight, height2.7, height1.4, height3.0,
FM, fat mass, and VO2max. For all analyses, young and old
thletes were combined into one group, as were the young
nd old control subjects, and the Student t test was used for
omparison.
ESULTS
eight, weight, and BSA were similar between athletes and
ontrols, but the athletes had a lower BMI, less body fat,
igher FFM, lower resting heart rate and BP, and higher
O2max compared with non-athletes (Table 1). Athletes
ad a larger left ventricular end-diastolic diameter
LVEDD) and end-systolic diameter and higher LVM than
ontrols, but wall thickness was similar. A total of 9 people
14%) had wall thickness 11 mm: 4 athletes (2 older, 2
oung) and 5 controls.
Both LVM and LVEDD correlated with several mea-
ures of body size (Table 2). The most important of these
ere FFM, height2.7, and BSA, but neither correlated with
at mass (Fig. 1). No significant differences were observed
etween the groups.
On multivariate analysis, the only independent predictor
f LVM was FFM (R2  0.365, p  0.001) and that of
VEDD was FFM (R2  0.35, p  0.001). In a simplified
odel, including age, height2.7, FFM, fat mass, and
O2max, FFM remained the only independent predictor of
VM. When the groups were analyzed separately (young
thletes, young untrained, older athletes, older untrained
en), FFM remained the only independent predictor of
VM and LVEDD.
Athletes had a significantly larger LVEDD, and this
ersisted when LVEDD was indexed to height or BSA.
owever, indexing to either height2.7 or FFM eliminated
his difference (Table 3). The LVM, LVM/BSA, and
VM/height were significantly higher in the athletes than
n non-athletes, but when LVM was indexed to height2.7 or
FM, no difference was observed between athletes and
on-athletes (Table 3).
ISCUSSION
his study supports the hypothesis that the left ventricular
ilation and hypertrophy observed in endurance athletes
ay be physiologic. Both LVM and LVEDD were greater
n athletes compared with non-athletes, either indexed to
SA or un-indexed, as shown previously (1). However,
VM and LVEDD indexed to FFM were similar between
he groups, and both were predicted by FFM alone, sug-
esting that the greater FFM in trained athletes explains the
arger LVM and dimensions. This is the first study to utilize
EXA with echocardiography to compare athletes with
ge-matched control subjects.
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LVM in Athletes Is Related to FFM August 18, 2004:892–6eart size to body size index. This study confirms the
mportance of scaling heart size to body size and highlights
he importance of body composition. Previous studies have
hown that LV size is closely related to body size and
omposition (4,5,10,11,14) and that FFM is the only
ndependent predictor of LVM (5). Fat-free mass is rarely
sed, because accurate measurements are not widely avail-
ble. Instead, BSA is often used to index echocardiographic
easurements (13), but BSA is affected by fat mass, which
s neither correlated with nor predicts LVM (5), and hence
his method is unreliable. Height and height raised to
arious powers are also correlated with LV size and used
idely (6,10,11), but height-derived values do not indepen-
ently predict heart size, and if changes in body composi-
ion occur (e.g., in athletes), this method may be
nappropriate.
he athlete’s heart. The relationship between heart size
nd FFM has been previously studied in male endurance
thletes using skin-fold thickness measurements (15) and
ydrostatic weighing (16). In both studies, athletes had
igher LVM and LVM/FFM than controls. Unfortunately,
hese methods are not as accurate as DEXA (17), and the
Table 1. Subject Characteristics and Echocardi
Endurance A
(n  3
Age (yrs) 49.7 
Height (m) 1.78 
Weight (kg) 74.9 
Body surface area (m2) 1.92 
Body mass index (kg/m2) 23.5 
Body fat (kg) 11.2 
Fat free mass (kg) 63.4 
VO2max (ml/kg per min) 57.1 
Interventricular septum (mm) 8.4 
Posterior wall (mm) 8.9 
LVEDD (mm) 55.6 
LVESD (mm) 38.1 
LV mass (g) 181.6 
Fractional shortening (%) 32.2 
Data are expressed as the mean value  SD. The two-tailed
values.
LV  left ventricle; LVEDD and LVESD  left ve
VO2max  oxygen uptake at maximum exercise.
able 2. Univariate Correlates of Left Ventricular End-Diastolic
imension and Left Ventricular Mass in Trained Male
ndurance Athletes and Untrained Men
Variable
LVEDD
(r, p Values)
LVM
(r, p Values)
ge (yrs) 0.35, 0.007 0.14, 0.29
eight (kg) 0.39, 0.003 0.45, 0.001
eight (m) 0.54, 0.0001 0.50, 0.0001
eight2.7 (m2.7) 0.53, 0.0001 0.50, 0.0001
ody surface area (m2) 0.46, 0.003 0.51, 0.0001
ody mass index (kg/m2) 0.13, 0.35 0.21, 0.12
at mass (kg) 0.22, 0.10 0.16, 0.22
at-free mass (kg) 0.51, 0.0002 0.55, 0.0001
nivariate correlations (Spearman).
tLVEDD left ventricular end-diastolic dimension; LVM left ventricular mass.wo-compartment model used may lack validity in athletes
ue to the changes in bone mineral content and total body
ater (18). Our findings, using very accurate assessment of
FM, disagree with these studies and suggest that the
hanges observed in athletes’ hearts are related to FFM.
When LV measurements are indexed to BSA or height,
he differences observed between athletes and non-athletes
ersist (19,20). Some studies have matched control subjects
o athletes for body size (height, weight, BSA) and found
hat athletes still had higher LVM and LVM/BSA (2,20).
f the current hypothesis—that LVM is determined by
FM—is correct, the matching of non-athletes and athletes
n the basis of body size would further emphasize the
ifference in LVM, as both endurance (21) and resistance
raining (22) increase muscle size and hence FFM. For
xample, a male athlete would have a higher FFM for a
iven BSA, as compared with an untrained man of similar
eight, weight, and BSA. Thus, studies comparing athletes
ith untrained controls of similar body size but disparate
FM may have led to spurious conclusions. In the absence
f FFM measurements, indexing measurements to height2.7
ill help to identify significant abnormalities in athletes.
owever, to detect longitudinal changes associated with
raining, indexing to any measure of height will be mislead-
ng. Height is unlikely to change in adult athletes, and any
hanges in heart size will be amplified if changes in FFM
ccur.
tudy limitations. This study investigated the relationship
etween LVM and FFM in a small group of endurance-
rained athletes, and further work is needed in athletes with
ifferent training regimes, loading conditions, and associ-
ted physiologic characteristics. Because of the small sample
ize, there is a possibility of selection bias, and thus larger
atient populations need to be evaluated. These findings
equire confirmation in a longitudinal study of the effects of
phic Measurements
tes Untrained Controls
(n  28) p Value
48.7  20.8 0.86
1.76  0.07 0.14
79.4  11.6 0.08
1.97  0.16 0.42
25.7  3.5 0.004
19.5  6.0 0.0001
58.3  7.3 0.0007
37.2  10.1 0.0001
8.6  1.7 0.75
8.5  1.5 0.28
52.5  0.38 0.002
34.5  4.8 0.002
162.1  46.6 0.028
34.7  7.1 0.12
t t test was used to test the differences between group mean
lar end-diastolic and end-systolic dimension, respectively;ogra
thle
0)
19.4
0.06
8.9
0.14
2.1
5.6
7.9
12.1
1.5
1.5
0.62
3.8
40.9
5.2
Studen
ntricuraining, with subjects acting as their own controls.
F
f
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August 18, 2004:892–6 LVM in Athletes Is Related to FFMigure 1. Spearman correlation of left ventricular (LV) mass and left ventricular end-diastolic diameter (LVEDD) with body surface area (BSA), height2.7,
at free mass (FFM), and fat mass (open circles  untrained men; solid circles  trained endurance athletes).
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LVM in Athletes Is Related to FFM August 18, 2004:892–6onclusions. This study suggests that the LV dilation and
VH observed in endurance-trained athletes may reflect a
ormal physiologic response to increased FFM and high-
ights the importance of accurate assessment of FFM in
thletes to fully evaluate the effects of training on cardiac
orphology. If the findings of this study are confirmed in
ther groups, the proposed methodology for indexing LV
easurements has the potential to better characterize phys-
ologic LV remodeling in athletes.
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